We have calculated dynamical Casimir -Polder interaction force between a moving ground state atom and a flat polarizable surface. The velocity of an atom can be close to the velocity of light.
The paper is organized as follows. In the beginning of Section 2, we recall our basic formula from [9] for the dynamical fluctuation electromagnetic force of attraction between a particle of arbitrary velocity and a thick plate (cavity wall), using a real frequency representation. In what follows, we adopt this formula to the case of zero temperature of a system which consists of the ground state atom and a plate. It is worth noting that it is difficult to obtain the foregoing results if the starting formula (3) does not include the particle and substrate temperatures ( , ). The next part of this section is devoted to analytical analysis of several limit cases corresponding to small velocities of an atom ( 
Theory
Our approach is based on the dipole approximation of fluctuation electromagnetic theory. We consider a case where a small neutral particle (an atom) moves adiabatically at a constant velocity in vacuum near the smooth surface of a medium, or equivalently -a thick plate ( 
where "sp" and "ind" indicate spontaneous and induced components of electromagnetic field and dipole moments (electric and magnetic) of the particle. Despite being rather tedious, the foregoing calculation in Eq. (2) is carried out explicitly and leads to the formula [9] (for simplicity, we retain hereafter only the terms related with electric polarizability of the particle) (   2  2  2  2  /  1  2  2  2  0   2  /  1  2 . The global system is assumed to be out of thermal equilibrium but in a stationary regime, the plate and surrounding vacuum background are assumed to be at equilibrium with temperature . Similarly to [8] , making use the limit
one can rewrite Eq.(3) as a sum of two terms, of which the first one is represented as integral over imaginary frequencies, and the second -as integral over real frequencies:
where
To make a step further, we employ a single oscillator model of the atomic polarizability
where 0 ω is the atomic transition frequency. Substitution into Eqs. (8), (9) via Eqs. (12), (13) yields
Using Eqs. (14) and (15) , it is worthwhile to examine several important cases.
Nonrelativistic velocities and no retardation
In the limit , Eqs. (14), (15) are simplified to 
where is a modified Bessel function. It is worthwhile noting the following useful relation 17) is calculated explicitly (see [8] ) , and we get The condition of finite η has been considered in [8] . For an ideal metal plate one should take the
. In this case Eq.(19) reduces to 
In the opposite case, at , on using
we get
Specifically, the second term of Eq.(23) is responsible for the nonmonotonous force -velocity dependence.
An ideally conducting cavity wall
In the case of an ideally conducting (reflecting) cavity wall, at
, and Eqs. (14), (15) 
Substitutions into Eqs.(24), (25) via Eqs. (10) , (11) lead to ( 
It is not difficult to get from Eqs. 
This is not suprising because the abolimit involves a crossover with the atom -surface separation range where the retardation effects are of crucial importance.The dynamical correction in Eq.
(31), as we see, has a character of repulsive force. This resembles the result of Barton [11] obtained for the image-charge force acting on a moving charged particle.
The nonrelativistic expression for , corresponding to Eq. (23), is identical to Eq.6 in Table 1 (again with the exception for correction, omitted in Eq. 6). Fig. 2(a,b) 
Drude approximation for the plate material, general case
The question of interest is how important is the influence of material parameters on the dynamical Casimir -Polder force. We now assume a half -space to be metallic, considering the (4)) take the form
One should stress that, despite its complex form, the integrand function in Eq.(35) proves to be purely real.
Eq.(13), in its turn, is rationalized if use is made of the dimensionless variables (14), (15) . At this point, we want to note that the parametrization used is not a unique, but it seems to be an optimal, since it allows to get rapid convergence of the involved double integrals when making numerical calculations.
Numerical results
To clearly demonstrate results of Section 2. 
as functions of β (Fig.3) and γ (Fig. 4) . Interestingly, a qualitatively similar nonmonotonous velocity dependence of dynamical image-charge force acting on a relativistic charged particle moving near a dielectric surface was found in [15] , where the authors related the force maximum with a manifestation of the . Comparing Figs. 6(a),(b) , we see that material parameters influence in such a manner, that the difference between the static forces and dynamical ones (irrespectively of ) γ becomes much less. As a result, the dynamical forces turn out to be by 1 to 3 orders of magnitude larger than for an ideally reflecting plate (at nm z 500 20 0 < < , in our case).
Conclusions
We have got closed integral expressions for the dynamical Casimir -Polder force applied to the ground state neutral atom moving parallel to a flat boundary of cavity wall. The cases of ideal and Drude-like metallic walls have been studied in detail. The relativistic formulas coincide with those obtained in the nonrelativistic and nonretarded approximation 0 → β .
A noticeable point of the present analysis appears to be a complex dependence of the dynamical Casimir -Polder force on the velocity (energy), distance and material properties. In particular, the dependence on γ β , proves to be nonmonotonous, showing an appearance of local maximum or a wide plateau when β increases. At separation distances ranging from several tens to several hundreds nm, the dynamical forces for a metallic wall described by the Drude dielectric function turn out to be by 1 to 3 order of magnitude larger than in the case of an ideal metallic wall.
The obtained results can be useful for theoretical interpretation of the experiments on passage through cavities and surface reflection of subrelativistic neutral atomic beams. Experimentally one might consider passing of ions with small ionization degree through gas targets, electrostatically deflecting away from the beam those ions which do not capture an electron, and subsequently scattering the remaining neutral atoms near a surface. Fig.1 . Schematic of the atom -surface interaction. Fig.2(a,b) Comparison of Eqs. (27), (30) with the asymptotic relations given in Table 1 
FIGURE CAPTIONS

